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CHAPTER 1
INTRODUCTION
A large variety of organic substituents participate in
life processes; their biosynthesis and degradation form an
important part of the natural carbon cycle. Human activities,
especially since the second world war,are an additional
source of synthetic organic chemicals in the environment,
resulting from the production of pesticides, herbicides, and
drugs, which must ultimately be metabolized. Some of these
xenobioticcompoundsareknowntobe very resistantto
metabolism and toxic.
Eucaryotes and procaryotes deal with xenobiotics in a
different manner. Eucaryotes cannot metabolize these compounds
efficiently and yet frequently detoxify them. Depending on the
nature of the compound, the defense mechanisms of eucaryotes
include (1) elimination of the unchanged compound (in expired
air, urine,feces, vomitus, perspiration, hair, milk);(2)
modification of the structure, usually by making it more water
soluble to facilitate secretion via the kidneys; (3) structure
modificationtodetoxify,whetherwatersolubilityis
increased or not; and(4)host defense mechanisms, such as
immunity, tolerance, andencapsulatingortrapping.
Unfortunately the metabolic reactions are not programmed for2
optimal detoxification and elimination efficiency of each
toxicant. Consequently there are often metabolic reactions
that will toxify, activate, or decrease the solubility of the
substance.
Some procaryotes on the other side,deal with these
compounds in a different manner. They mineralize the compounds
to CH4,CO2,or H2O using them as an energy source. However
there are certain requirements for complete dissimilation to
occur:First the ability of microbial enzymes to act on
substrates having chemical structure similarities to, but not
identical with those found in nature. Second the ability of
these novel substrates, when in the presence of microbes, to
induce or derepress the synthesis of the necessary degradative
enzymes.
The enzymes used in the degradation process are quite
different,depending onifthe microbesareaerobesor
anaerobes. Under aerobic conditions, most enzyme reactions
have molecular oxygen directly or indirectly involved. Oxygen
serves two functions in the degradation of organic matter:
that of a terminal acceptor for electrons which are released
during oxidation of organic carbon, and that of a reactant in
a primary attack on the substrate molecules themselves. In the
absence of oxygen the first function may be transferred to
otheroxidizedcompounds,suchasnitrate,metalions,
sulfate, or carbon dioxide. There is no equivalent to oxygen
which can function as a reactant in the primary transformation3
of some important kinds of substrates.
The metabolic importance of oxygen is due to its high
oxidation potential and its biradical character combined with
relative kinetic inertness. The enzymes attacking comparably
inertsubstrates byinsertionofoxygen atomsintothe
substrate molecule itself are termed oxygenases. Dependingon
whether only oneor both atoms of the oxygen molecule are
inserted, the enzyme is classified as a monooxygenaseor a
dioxygenase. Monooxygenases react with aromatic compounds by
introducing a hydroxyl substituent into the substrate molecule
whiletheotheroxygenmoleculeisreducedtowater.
Dioxygenases react with aromatic substrates lackinga hydroxyl
substituentinasuitable position andform orthodiols.
Cleavage of aromatic rings is catalyzed by a further type of
dioxygenase and leads to an unsaturated dioic acid.
Alargevarietyofreactionsarecarriedoutby
oxygenases, and nearly every type of oxygenase requires the
biradical character of oxygen and its high oxidation potential
by a different way of activation. It is evident, that neither
sulfate,nitrate,norcarbonate,noneofwhichcontain
unpairedelectrons,couldsubstituteforoxygeninthe
activation of inert molecules in reactions similar to those
described above. The versatility of oxygenase enzymes allows
a broad range of reactions to be catalyzed in the presence of
oxygen. In comparison, only a few reactions can be catalyzed
under anaerobic conditions in the absence of oxygen, namely,4
hydrogenations, dehydrogenations, hydrations, dehydrations,
hydrolysis,condensation,carboxylations,andreductive
hydroxylations.
Aromaticcompounds have long been consideredtobe
degradable only in the presence of oxygen. Yet many of these
substrates are also degradable in the absence of molecular
oxygen. The reaction mechanisms however are different.
Today, the assumption that aromatic compoundscan not be
degraded under anaerobic conditions,holds only truefor
aromatic hydrocarbons like benzene and its higher homologs:
naphthalene, anthracene, naphthacene,and so on.Once the
aromaticringcarriesasubstituentfunction,anaerobic
degradation appears to be possible in many cases. Toluene and
benzoate were both shown to be completely degraded under both
aerobicandanaerobicconditions,eventhoughthrough
different mechanisms.
A great deal of attention is now paid to the degradation
of nitroaromatic compounds. Although known to be recalcitrant
in nature,large volumesof nitroaromatic compoundsare
manufactured each year as a variety of domestic and commercial
productssuch asherbicides,pesticides,and explosives.
Nitroaromatic compounds are readily reduced by microorganisms
tothe corresponding amino derivatives,probably via an
unstable nitroso compound. This reaction type isfar more
efficient in the absence of oxygen than in its presence. The
degradation of these resulting amino aromatics under aerobic5
conditions proceeds via dioxygenase or peroxidase reactions.
The degradation in the absence of oxygen is less clear. For
example aniline could not be degraded while anthranilic acid
(2-aminobenzoate) was degraded by a denitrifying bacterium.
The nitro aromatic compound of interest in this study is
trinitrotoluene (TNT), the most widely used military explosive
because of its low melting point, stability, low sensitivity
to impact, friction, and high temperature, and relatively safe
methods of manufacture. A single munitions manufacturing plant
can generate and dispose of as much as 500,000 gallons of
waste water per day (Pereira, 1979). As a result, waste water
containingthiscontaminantleachesthroughthesoil,
contaminating the soil (Klausmeier, 1973) and eventually the
ground water (Pereira, 1979). The fact that about 50 years
after world war II at locations of former ammunition factories
large amounts of TNT and its derivatives can still be found in
the soil indicates a high persistence of these compounds in
the natural environment(Preuss,1993).TNT represents an
environmental hazard because it has toxicological effects on
a number of organisms (Osmon, 1972; Won, 1974; Channon, 1944),
and is also known to be mutagenic (Kaplan and Kaplan, 1982).
Exposure to TNT causes pancytopenia, a disorder of the blood
forming tissues characterized by a pronounced decrease in the
number of leukocytes, erythrocytes and reticulocytes in humans
and other mammals. Toxic effects including liver damage and
anemia have been reported in workers engaged in large scale6
manufacturing and handling practices.
ThedisposaloflargequantitiesofTNTinan
environmentally acceptable manner poses serious difficulties.
Composting of explosives is effective, and half-lives for the
breakdown ranged from 7-22 days (Roy F Weston Inc. 1989). The
disadvantageofcompostingisthatitrequireslarge
quantities of additives (straw, animal feed, etc) and only a
small fraction of the total volume composted is contaminated
soil. The current method in use is incineration. This is a
costly ($800/ton, Funk, 1993), energy intensive process that
destroys much of the soil, leaving ash as the primary residue.
Many researchers have been working to develop more cost
effective ($30 to $150 per yd3; Osmon and Klausmeier, 1972;
Montemagno and Irvine,1990) bioremediation schemes, but a
safe and economical method has not yet been found. Several
microorganismshavebeenisolated,whichdegradenitro
aromatic compounds. Two different reactions of the nitro group
have been described: either the nitro group is eliminated from
the aromatic system and nitrite is liberated or the nitro
group is reduced to an amino group. The first reaction has
mainly been detectedin microorganisms,which use these
substances as sole sources of carbon and energy. This reaction
normally leads to complete mineralization of the compound. In
contrast, the second reaction, which is mainly found under
anaerobic conditions,leads to the formation of aromatic
amines, as in the case of TNT. In this case the nitro group is7
used by the microorganism as the terminal electron acceptor.
Aromatic amines formed by this reaction are highly reactive,
and in the presence of oxygen dark polymerization products are
formed. In soil systems these amines react with humic acids,
which leads to an immobilization of the products, and makes
further degradation extremely difficult (Schackmann, 1991).
Degradation of TNT by animals, plants, bacteria and fungi is
primarily a reductive process (Parrish, 1977; Channon, 1944;
Traxler,1974). Inallcases4-amino2,6dinitrotoluene
(4A26DNT), 2-amino4,6dinitrotoluene (2A46DNT) and 2,2',6,6'-
tetranitro-4,4'-diazoxytoluenehavebeenisolated.The
reduction rate under anaerobic conditions is faster than under
aerobicconditions.Ringcleavageoccursunderaerobic
conditions, although only to very small amounts or under very
specialized conditions. Polymerization of hydroxylamines to
azoxycompoundswas commonlyobservedunderaerobic
conditions, but not under anaerobic conditions.
Ruminal bacteria are believed to be excellent candidates
for bioremediation of TNT, because they combine the positive
aspects of both anaerobic and aerobic conditions. The high
potential of rumen fluid to degrade antibiotics, xenobiotics,
pesticides (Cook, 1957), lignin-like structures, as well as
pyrrolizidinealkaloids, aheterocyclicringsystem,
(Wachenheim et al., 1992) provides the basis for aggressive
attack of TNT.The anaerobic conditions will prevent the
formation of azoxy polymers and will therefore ensure a fast8
reduction rate for the TNT degradation. For these reasons,
ruminal bacteria from sheep and goat were chosen to study the
bioremediation of TNT.
The study focused on:
1. The determination of the TNT degradation rate in whole
rumen fluid.
2. The isolation of the species responsible for the
degradation.
3. The identification of intermediates and end products.
4. The establishment of the degradation pathway.
5. The identification and isolation of involved enzymes.
The successful "solving" of such an extensive project
requiresalongtermteamapproachofmicrobiologists,
chemists,and biochemists. The first step,item 1of the
study, was carried out by Dr. A.M. Craig (Prof. Vet. Med.,
Oregon State University, Corvallis OR)in cooperation with
Argonne National Laboratories in 1990 and 1991. Whole rumen
fluid was shown to successfully degrade 14C-labeled TNT. Part
2, the isolation of the responsible species, was carried out
byDr.TimothyFreierinearly1992(Dr.A.M.Craig's
laboratory).
Step 3, the identification of intermediates and possible
end products, was the subject of my masters thesis, beginning9
inspring1993.Thiswork requiredthedevelopmentof
appropriate HPLC methods for monitoring the breakdown ofTNT
by the isolate and to identify major compounds in the pathway.
At the end of my masters program the pathway should beas
fully established as possible. Step 4,which would then lead
to my Ph.D. work as a biochemist, namely the identification,
purification and characterization of a majorenzyme involved
in the degradation process, step 5.
My masters project is part of the group project andcan
therefore not be presented as an independent subject in the
traditional thesis format. The knowledge about prior results
will be necessary for the reader to understand the goal ofmy
work. This required information will be presented in Chapter
3 of this thesis.10
CHAPTER 2
LITERATURE REVIEW
2.1 BIOREMEDIATION OF TNT UNDER AEROBIC CONDITIONS
The majority of TNT bioremediation in the past has been
carried out using aerobic microorganisms. Various species like
different isolates from contaminated sites, pseudomonas, as
well as the wood rot fungus Phanerochaete chrysosporium have
been tested for their ability to degrade this explosive. For
complete mineralization TNT will have to be oxidized, using it
as a carbon or energy source. Over the last 20 years, several
published studies have addressed research on this theme.
Strong evidence that TNT transformation is a co-metabolic
process was provided by OSMON AND KLAUSMEIER in 1972. They
observed that after six days flasks containing 100 ppm TNT,
mineral salts, and yeast extract lost more than 99 percent of
the TNT that was initially added when inoculated with either
sewage effluent, soil, or pond water. On the other hand, no
TNT disappearance was observed inflasks when the yeast
extract was not included. TNT degradation products were not
identified.
KLAUSMEIER ET AL.(1973) examined the effect of TNT on
variousmicroorganismsunderaerobicconditions.Most
organisms grew when the TNT concentration did not exceed11
20 ppm. Most fungi, yeasts, actinomycete, andgram positive
bacteriawereseverelygrowthinhibitedwhentheTNT
concentration was > 50 ppm. Only gram-negative bacteriawere
able to tolerate concentrations of 100ppm and more.TNT
seemed to have a more inhibitory, rather than a lethal effect.
None of the microorganism were able to use TNT asa carbon
source.
TRAXLER ET AL.(1974)used various aerobic isolates
obtained from enrichment cultures of sediments, rawsewage,
and boiler plant effluents. The microbes were identifiedas
gram-negativerodshaped pseudomonas.Allmicrobeswere
capable of using TNT as a carbon source, and some isolates
also used TNT as a sole source of nitrogen for growth. Ring
cleavage of 14C TNT was examined by incubating the microbes
with TNT serving as a carbon and a nitrogensource. TNT was
incorporated into cellular material and 1.2 percent 14CO2was
released. Since the organisms were required to obtain carbon
for growth only from TNT,itis likely that most of the
metabolized carbon is used for the synthesis of cellular
material. There are most likely decarboxylations produce CO,
The low levels of 002 suggests that heterotrophic CO2 fixation
may be an important phenomena.
WON ET AL.(1974)provided thefirstevidence that
microbescoulduseTNTasasolecarbonsourceby
demonstrating that three pseudomonas-like organisms could
oxidize TNT. Sediment and aquatic TNT enrichment cultureswere12
able to degrade TNT in a basal salt medium, but required the
addition of glucose or nitrogenous substances(yeast)for
accelerated transformation. After 24 hours TNT was reduced
from 100 ppm to less than 1 ppm. TNT was converted into 4-AZ,
6-AZ,2A46DNT,4HA26DNT,and DAMNT.The azoxy compounds
completely disappeared after 96 hours. On the other hand the
microbes were not able to oxidize DAMNT and 2A46DNT.
McCORMICK ET AL. (1976) investigated the biochemistry of
bacterial transformation of 100 ppm TNT under aerobic and
anaerobicconditionsusingenzymepreparations from
Veillonella alkalescens. Three moles of H2 were required to
reduce each nitro group to the corresponding amino group. The
reduction proceeded through the nitroso and hydroxylamino
compounds. The reactivity of the nitro group appears to depend
not only on other substituents but also on the position of the
nitro group relative to these substituents. Thus the para
nitro group of TNT was more readily reduced than the ortho
group. Under aerobic condition only two out of the three nitro
groups were reduced. Small amounts of azoxy compounds were
detected for a nonenzymatic reaction of 4HA26DNT.
PARRISH (1977) screened 190 fungi for their ability to
transform TNT. 183 of these fungi were able to convert TNT.
4A26DNT,4HA26DNT and 4,4AZ were detected as degradation
products. The fungi were therefore only capable of reducing
the nitro group at the C4 position.13
CARPENTER ET AL.(1978) investigated the fate of
14C-labeled TNT in an activated-sludge system. Samples were
analyzed after three and five days. No TNT could be observed.
No significant14co2(< 0.5 percent) could be detected. The
radioactivity was equally distributed between the supernatant
and the floc. The radioactive carbon present in the microflora
was mainly associated with the lipid and protein components,
butthe characteristic constituentsofthese components,
namely fatty acids and amino acids, showed no radioactivity.
Themajor partofthe14Cwasfoundin macromolecular
structures of the polyamide type formed by the reaction of TNT
biotransformation products withlipids,fattyacidsand
proteinconstituentsofthemicrobialflora.These
macromolecules were resistant to further attack by these
microbes.
KAPLAN AND KAPLAN (1982) determined the biotransformation
of 14C-labeled TNT by thermophilic microorganisms in compost
systems. Samples were analyzed after being composted for 24
and 91 days. No14co2or volatile amines could be detected.
After 24 days, TNT, 2AT and 4AT were identified. After 91 days
TNT, 2AT, 24DA6NT, 26DA4NT, 4,4AZ and 2,2AZ were identified,
see figure 2.1.No evidence for ring cleavage could be
observed. The nitro group in para was more easily reduced than
the one in ortho position.14
a
2.,21
Figure 2.1 Proposed pathway for the transformation of
TNT. Adapted from Kaplan and Kaplan, 1992.
FERNANDO ET AL.(1990) observed rapid biodegradation of
TNTandRDXbythewhiterotfungusPhanerochaete
chrysosporium. When the concentration of TNT in cultures (both
liquid and soil) was adjusted to contamination levels in the15
environment, i.e., 10,000 mg/kg in soil and 100ppm in water,
18.4 percent and 19.6 percent of the initial TNTwas converted
to "CO2 in 90 days in soil and liquid culture, respectively.
15percentoftheinitialTNTremainedundegraded.
Intermediates of the degradation process were not identified,
but were described as more polar than TNT.
KULPA ET AL.(1991) used a mixed culture isolated from
TNT contaminated soil.In presence of an additional carbon
source 3.1 percent of the initial 14C -TNT was converted into
14CO2. Ten percent was converted into biomass undera
co-metabolic process. Other intermediates were detected by
HPLC but remain to be identified.
SCHACKMANN AND MUELLER (1991) examined the reduction of
nitroaromatic compounds by different pseudomonas species under
aerobicconditions. IncaseofTNT,reductionto
monoaminodinitrotoluene and diaminotoluene occurred.
SPIKER(1992)examined the ability ofPhanerochaete
chrysosporium to bioremediate TNT in a soil containing TNT,
RDX and HMX. The fungus did not grow in malt extract broth
containing more than 24 ppm TNT.Pure TNT was degraded by
spore-inoculated cultures at TNT concentrations of up to
20 ppm. Mycelium-inoculated cultures degraded 100 ppm, but
furthergrowth wasinhibitedabove20ppm.Thespore-
inoculated cultures mineralized 10 percent of the added TNT (5
ppm)in 27 days.No mineralization occurred in mycelium-
inoculated cultures, although TNT was transformed.16
SUBLETTE ET AL.(1992)are another group working on
bioremediation of TNT using the white rot fungus. Thisgroup
demonstrated that "pink water" can be effectively treated by
Phanerochaete chrysosporium immobilized on the disks ofa
rotating biological contractor in both batch and continuous
modes. A greater than 90 percent removal ofTNT was observed.
Onlyonemajorintermediatewasobservedduringthe
degradation process,which still needs to be identified.
STAHLANDAUST (1993)alsousedPhanerochaete
chrysosporium to investigate the metabolism and detoxification
ofTNT.Asfirstintermediates 4A26DNT and 2A46DNT were
observed. Mineralization began between days three and six.
Forty percent ofthe metabolites were water soluble,40
percent evolved as 14CO2, and 23 percent was associated with
the mycelia at day 30. Low concentrations of TNTwere toxic to
cultures that were started as spores. The toxicity of TNTwas
inversely related to the amount of mycelia. The rate of TNT
reduction was directly correlated with myceliamass and the
initial TNT concentration.
MICHELS AND GOTTSCHALK (1994)studied the ability of
PhanerochaetechrysosporiumtomineralizeTNTinthe
concentration range of 0.3620.36 ppm. A decrease in the
mineralizationratewasobservedwithincreasingTNT
concentration (from 30 percent at 0.36 ppm TNT to 5 percent at
20.36 ppm). This inhibition was due to the accumulation of
HADNT which affected the veratryl alcohol oxidase activity of17
lignin peroxidase H8. If the culture was incubated withMADNT
this inhibition was not observed, demonstrating conversion of
HADNT to MADNT was the rate limiting step in the degradation
process. The authors suggested that conditions must be found
whereHADNTsdonotaccumulate,becauseiftheydo,
corresponding nitroso compounds will be formed, as willazoxy
compounds which are less soluble than TNT and therefore more
resistant to degradation.
InsummaryTNThasbeenfoundtobereadily
biotransformed under aerobic conditions to amino, diamino and
azoxy compounds. Reduction of all three nitro groups could not
be observed. Metabolites have been reported to polymerize (non
enzymatic coupling process of HADNT; Won et al.1974)and
become tightly bound to organic materials. Some reports have
been made of complete degradation of TNT to form 002, but only
in very small amounts (Traxler 1974) or under very specialized
conditions,likeincaseofPhanerochaetechrysosporium
(Michels and Gottschalk, 1994). For more detail,see table
2.1.18
Table 2.1Bioremediation of TNT under aerobic conditions
MICROORGANISM TNT CONC. INCUR. -TINS INTERMEDIATES AUTMoR YEAR
Sewage sludge 100ppm 6 days not identified damn 4 Klausmeier 1972
gram negative 5Oppm n.d. not identified Klauameier et al. 1971
psendomeonas 100ppm 1 day Annoy, MAENT, ammrr Won et al. 1974
pseudomeonas
fungi
100ppm
100ppm
22 hours
5 days
1.2 9 CO,
Annoy, MADNT, SAINT
Trawler et al. 1974
Parrish 1977
Veilonella 50ppm n.d. Annoy, DAUNT McCormick et al. 1976
activated sludge trace 5 days not identified Carpenter la al. 1978
composting 12g/kg 91 days Ataxy, 2AT, DAMMT Kaplan 4 Kaplan 1982
white rot fungus
sail bacteria
1DOppm
100ppm
18 days
10 days
209 CO,
3.1% CO,
Fernando et al. 1990
Kulpa et al. 1991
P8Oud000naa n.d. n.d. MONT, DA144T Schackmenn a Muller 1991
Mite rot fungus
white rot fungus
20 ppm
n.d.
27 days
n.d.
10% CO,
not identified
Spiker et al. 1992
Sublette et al. 1992
white rot fungus
white rot fungus
2Oppm
0.36 ppm
20.4 ppm
30 days
21 days
21 days
40% CO,
3D% CO,
5% CO,
Stahl i Aust 1993
Michela i Gottschalk 1994
2.2 BIOREMEDIATION OF TNT UNDER ANAEROBIC CONDITIONS
The degradation of TNT under anaerobic conditions has
been intensively studied only within the past few years. A
possible reason might be that the aerobic studies did not show
the expected success and further more,the cultivation of
strictly anaerobic microorganisms is not even twenty years
old.
McCORMICK ET AL.(1976)investigated TNT reduction by
cell-free extracts, resting cells, and growing cultures. The
cell-free extracts as well as resting cells of the strictly
anaerobes(C.pasteurianum and V.alcalescence)utilizing
molecularH2,reduced allthree nitrogroups.Cell-free
extracts of anaerobically grown E-coli reduced the three nitro19
groups as well, while the resting cells did not. They reduced
onlytwonitrogroups.24DA6NTwasdetectedasan
intermediate. The authors proposed a possible pathway for the
transformation of TNT, see figure 2.2.
II
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Figure 2.2Proposed pathway for the transformation of TNT.
Modified from McCormick et al. 1976.
BOOPATHY ET AL.(1992) used an anaerobic Desulfovibrio
sp.(Bstrain)for the remediation of TNT.The organism20
degraded 100 ppm TNT in 10 days, if incubated withpyruvate as
the primary carbon source and sulfateas electron acceptor.
The main intermediate detected was 24DA6NT. If the organism
was incubated under conditions, where TNT served as the sole
source of nitrogen with pyruvate as electron donor and sulfate
as electron acceptor, TNT was first converted to 24DA6NT and
then after an accumulation period further convertedto toluene
by a reductive deamination process via TAT;see figure 2.3.
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Figure 2.3Biotransforamtion of TNT. Boopathy et al., 1992.21
In another study BOOPATHY ET AL.(1993)studied the
anaerobic removal of TNT under different electron accepting
conditions byasoil bacteria consortium.Under nitrate
reducing conditions74 percent of the TNT(100ppm)was
removed. With sulfate as a reducing agent and with carbon
dioxide asan electron acceptor the removalofTNT was
significant lower (30 percent and 35 percent respectively).
Removalof TNT only occurred if an appropriate electron
acceptor was present and seemed to be a co-metabolic process.
TNT did not serve as an electron acceptor. The following TNT
intermediates were detected: 4A26DNT and 2A46DNT.
ROBERTS ET AL. (1992) detected seven compounds during the
anaerobicdegradationofTNTbymicrobesinmunitions
contaminated soil. The compounds were identified as: 4A26DNT,
24DA6NT,26DA4NT,p-cresolandatleasttwo very polar
intermediates.
DUQUE ET AL. (1993) isolated a pseudomonas that used TNT
as a nitrogen source. This organism was capable of removing
thenitrogroupsaccumulatingnitriteinthemedium.
Identified products were 24DNT, 26DNT, 2NT and toluene. In
addition to the removal of the nitro groups this pseudomonas
strain was also able to reduce the nitro groups to the
correspondingaminesviahydroxylamine(4A26DNT,Azoxy
compounds). Effort was made to isolate a derivative of this
pseudomonasstrain that used TNT more efficiently.This
organism grew faster and did not accumulate nitrite. The most22
abundant intermediates identified were: 2A46DNT, 4A26DNT as
well as azoxy dimers. This study gave the first report of
removal of nitro groups without hydroxylation of the ring; see
Figure 2.4.
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Figure 2.4 Productsresultingfrom TNT metabolism by
pseudomonas. Adapted from Duque et al., 1993.FUNK(1993)
contaminated with
produced anaerobic
biodegradationof
conditions TNT was
23
examinedthebioremediationofsoils
TNT,RDX and HMX bya procedure that
conditions in the soils and promoted the
nitroaromaticcompounds.Underoptimum
converted to 4A26DNT and then to 24DA6NT.
TAT was also detected at a later stage of incubation.In
aqueous cultures that degraded munition compounds as the sole
source, methylphloroglucinol and p-cresol could be observed.
PREUSS ET AL.(1993) used a strictly anaerobe sulfate
reducer.This organism reduced TNT to TAT.TAT was then
further degraded to still unknown products. Pyruvate,H2 or
carbon-monoxideservedastheelectrondonorsforthe
reductionofTNT.Inasecond experimentthe microbial
conversionofTATwascarriedoutunderdenitrifying
conditions, using a pseudomonas strain. The conversion was
dependent on nitrate. The products of the TAT conversion by
pseudomonas are not known; see figure 2.5.microbial
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Figure 2.5. Tentative scheme of anaerobic transformation
of TNT. Adapted from Preuss et al., 1993.
No evidence for ring cleavage was achieved from the
anaerobic bioremediation studies. Azoxy compounds were not
detected.A possible explanation isthat under anaerobic
conditionsthereductionsoccurmorerapidlyandthe
hydroxylamino intermediates do not accumulate nor do they have25
much opportunity to form linkages (Funk, 1993).
The nitro groups in position 2 and 4 are easily reduced
by anaerobic bacteria (Preuss et al.,1993). The reduction
seems to be unspecific and can be even carried out by chemical
reductants like sulfide (Funk, 1993; Preuss et al., 1993) The
rate limiting step is the nitro group in position 6 leading to
24DA6NT. The reduction of all three amino groups, leading to
TAT, was rarely reported and occurred only under strictly
anaerobic conditions (Funk, 1993).
For more detail, see table 2.2.
Table 2.2Bioremediation of TNT under anerobic conditions
MICROORGANISM TNT CONC. INCVEL-TIME INTERMEDIATES AUTHOR YEAR
Veilonella
Desulfovibrio
soil microbes
pseudomonas
soil bacteria
sulfate reducer
50 ppm
100ppm
n.d.
100ppm
120ppm
45 pm
n.d.
10 days
n.d.
2B days
24 days
12 days
TAT
DAMNT, toluene
HADN'T, DAMNT, cresol
DNT, NT, toluene
MADNT, DANNT, TAT
TAT
McCormick et al. 1976
Boopatby et al. 1990
Roberts et al. 1992
Duque et al. 1993
Funk et al. 1993
Freuse et al. 199326
CHAPTER 3
DETERMINATION OF THE TNT DEGRADATION RATE IN
WHOLE RUMEN FLUID AND ISOLATION OF THE
SPECIES RESPONSIBLE FOR THE DEGRADATION
SUMMARY OF PAST RESULTS
The literature review showed clearly that the goal of
complete bioremediation of TNT has not been achieved to date.
Nevertheless some promising investigations can be found in the
field of anaerobic incubations. Even thoughno ring cleavage
could be observed, some determined end products like toluene
and p-cresol (Boopathy and Kulpa, 1993; Duque et al., 1993;
Funk et al., 1993) are nitrogen free and known to be easily
degradable under aerobic as well as anaerobic conditions
through hydroxylation of an adjacent ring position (Evans,
1988).The polymerization of the hydroxylamines could be
eliminated, the overall reduction rates are much faster than
those under aerobic conditions, and anaerobic microorganisms
wereabletotolerateTNTlevelscommonlyfoundin
contaminated soils (100 ppm). Also the complete reduction of
all three nitro groups, leading to TAT, could be achieved
under these conditions.
Ruminal microorganisms are believed to be excellent
candidates for the bioremediation of TNT because they combine
the positive aspects of both anaerobic and aerobic conditions.
The high potential of rumen fluid to degrade antibiotics,
xenobiotics and pesticides as well as lignin-like structures
provides the basis for aggressive attack of TNT. The anaerobic27
conditions should prevent the formation of azoxypolymers and
should therefore ensure a fast reduction rate for the TNT
degradation.InDr.AMCraig'slaboratory(Collegeof
Veterinary Medicine, OSU, Corvallis OR) whole rumen fluid from
sheepandgoatwasalsosuccessfullytestedforthe
bioremediation of pyrrolizidine alkaloids. These alkaloids
consist of a heterocyclic system connected through a nitrogen.
The rings are linked through alcohol or methylalcohol to necin
acids (see figure 3.1). The ruminal bacteria have been shown
to open the rings and to bioremediate the entire compound
(Wachenheim, 1992).
The bioremediation of TNT was investigated as follows:
Ruminal contents were collected from fistulated sheep, and
incubated anaerobically with modified McDougall's Buffer,
containing 100 ppm TNT plus 27 4C(ring labeled)-TNT (see
appendix). The addition of ring labeled TNT is necessary for
thefollowingreasons:First,todistinguishbetween
degradation products from TNT and normal metabolites and cell
constituentswhich willalsoshowstrong UV-absorbance.
Second, to prove complete mineralization of TNT, that means
onlyifringcleavageoccurred,14CO2Or14CH4could be
detected. The bottles were incubated at 38°C on a shaker, and
sampled in regular intervals. HPLC analysis was performed
using "SYSTEM I" as described in materials and methods.
Figure 3.1 shows the remediation process during the first
4 hours of incubation.TNT
28
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Figure 3.1Radiomatic chromatogram of sheep ruminal
contents incubated with 14C-TNT for 4 hours.
TNT was completely converted after1 hour. The first
remediationproductswereidentified asmonoamino-
dinitrotoluene (MADNT) and diaminomononitrotoluene (DAMNT).
Figure 3.2 shows the culture after 5 days, where it reached a
stagnant phase, producing 3 distinct peaks eluting at 3,15,
and 17 minutes.". 000
6."
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Figure 3.2Radiomatic chromatogram of sheep ruminal
contents incubated with "C-TNT for 5 days.
Effort is currently being made by Taejin Lee (Ph.D.
-candidate,Dr.AM Craig's laboratory)and Daniel Bilich
(Chemist, Dr Craig's laboratory) to identify these compounds
by gas chromatography/mass spectrometry. Compounds identified
thus far are phenol, p-cresol, and indole (see figure 3.3).
These results require future verification and proof.30
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Figure 3.3GC/MS chromatogram and peak spectra of the
whole rumen fluid incubations. Samples were
extracted with chloroform (1:1) prior to analysis.31
These preliminary results obtained from the wholerumen
fluid incubations were very promising. First,a fast reaction
rate for the bioremediation of TNT could be seen, displaying
a 100 percent conversion in less than 1 hour. Second, WRF
seemed to degrade TNT beyond TAT,and third,the ruminal
microbes tolerated more than 100 ppm TNT,a level commonly
found in contaminated soils.
However, a wide variety of cell constituents, organic
compounds, plant material etc.are present in whole rumen
fluid which makes the identification of intermediates and end
products extremely difficult and time consuming. Effort was
thereforemadetoisolatetheorganismororganisms
responsible for the degradation of TNT.
Theisolation wasattemptedbyDr.TimothyFreyer
(Microbiologist, Dr. AM Craig's laboratory) in early 1992.
The entire isolation procedure was carried out under strictly
anaerobic conditions (for details see appendix).
Ruminal contents were collected from a fistulated goat
andblendedwithMcDougall'sbuffer.Themixturewas
centrifuged, and the supernatant transferred into a general
purpose growth medium with reduced carbohydrate concentrations
and containing 100 ppm TNT. This concentration was chosen, to
simulate concentrations commonly found in contaminated soil.
To use this bioremediation scheme under field conditions, the
organism must be capable of degrading a minimum of 100ppm
TNT.ThehighamountofTNTeliminatedallorganisms32
immediatelywhichwerenotabletotoleratethis
concentration. The flasks were incubated stagnant at 38°C and
transferred into fresh medium in regular intervals. After two
weeks these incubates were transferred into a semi defined
medium that contained triaminotoluene (TAT) instead of TNT.
The switch from TNT to TAT was performed for two reasons.
First, it was known from recent publications by other authors
that TAT seems to be the "dead-end metabolite" of TNT under
strictly anaerobic conditions, where all three nitro groups
were reduced(McCormick etal,1976;Funk,1993;Preuss,
1993). Isolation of an organism wich degrades this "dead end
product" would therefore overcome a major hurdle in the
complete degradation of TNT. Second, since whole rumen fluid
degraded TNT further than TAT, organisms must exist in whole
rumenfluid capableof utilizing thiscompound.Several
transfers were performed until a single culture was obtained.
The isolate was named G.8. The TAT medium was then further
optimized to a fully defined minimum medium (see appendix). To
establishthedegradationpathwaytheisolateG.8was
incubated in a minimum medium containing 300 ppm TAT(see
materials and methods). At the same time G.8 was tested for
its ability to bioremediate TNT. Even though isolated on TAT
the microbes were shown to tolerate TNT levels up to 100 ppm
(see isolation of G.8). While TAT incubations were performed
using the minimum medium (MM-TAT, MM-noTAT; see materials and
methods),the TNT incubations were done using an enriched33
growth medium (trypticase soy broth; EM-TNT, EM-noTNT; see
materials and methods). The difference in these conditions can
be explained as follows: TNT is commercially available as 14C-
TNT. This means that the intermediates or end product produced
from TNT can be monitored using a radiomatic detector. The UV
chromatogram can be ignored which isa great advantage,
becauseallcomponentsoftheenriched mediumshow UV
absorbance themselves which makes the interpretation of the
chromatogram extremely difficult.
Trypticasesoybrothmediumprovidesexcellentgrowth
conditions, leading to a high cell density, and therefore fast
reaction rates. TAT on the other side is not commercially
available asa radioactive compound and one is therefore
dependent on monitoring the UV spectra. For this reason a
medium had to be found which was fully defined and with
minimum UV absorbance. This was satisfied with the minimum
media MM-TAT and MM-noTAT.
The TAT and TNT cultures were incubated at 38°C on a
shaker and the samples were analyzed by HPLC in regular
intervals.The same HPLC method(SYSTEM I;materials and
methods) was used for TNT and TAT samples as for the WRF
incubations described above.
Figure 3.4 shows G.8 after 5 days of incubation in
EM-TNT. Two major peak areas were detected: one at 3 minutes,
a second one from 16 to 17 minutes. These were also the major
components eluting in the WRF incubations (see figure 3.2).6. 00
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5. 25
4. 50
3. 75
3. 000-
2. 250_i
1. 500-
0. 750-1
0.000-
G.8 in EM-TNT, 0 hour
G.8 in EM-TNT, 5 days
34
0 5 10 15 20 25 30 35 40 45
MINUTES
Figure 3.4Radiomatic chromatogram of G.8 incubated in
EM-TNT for 5 days.
Figure3.5showsthechromatogramfortheTAT
incubations. It can be seen that the major components elutes
around 17 minutes as well.35
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Figure 3.5UV chromatogram of G.8 in MM-TAT after 25 days
of incubation
The isolate G.8 produced the same intermediate(s) as WRF,
therefore it seems to be the microorganism responsible for the
remediation process in WRF. The results also suggested that
the degradation of TNT and TAT leads to the same intermediates
or possible endproducts, eluting at around 17 minutes.
Apossibledegradationpathwaywasestablishedto
function as a working hypothesis for any further analytical
work. This pathway was based on results obtained in studies by
other authors, but also included new reaction types that would
have to be carried out by the microbes in order to establish36
the full degradation pathway leading to mineralization of the
compound. This pathway is shown in figure 3.6. Trinitrotoluene
is first converted into MADNT, then the second nitro group is
reduced to yield DAMNT. Veillonella alcalescens (McCormick et
al. 1976) carries out the reduction of the third nitro groups
yielding TAT. A dissimilatory iron reducer was described by
Lovley and Lonergan (1990) to carry out the conversion of the
methyl moiety to a carboxyl group in position1forming
triaminobenzoicacid.No reaction typesforthefurther
degradation of triaminobenzoic acid are described in the
literature, cited above. A new reaction type was therefore
proposed,the reductive deamination oftwo amino groups
leading to anthranilic acid, a very common intermediate in the
metabolism of microorganisms. Anthranilic acid can be used by
microbes in two major ways: it can function as a precursor for
thearomaticaminoacidsphenylalanine,tyrosineand
tryptophan, or it can be used as an energy source by being
converted to fatty acids (benzoic acid, heptanoic acid, acetic
acid) and then further degraded to carbon dioxide or methane.37
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Figure 3.6Possible pathway for the degradation of TNT38
Having this pathway as a working hypothesis the process
of identification began by using high performance liquid
chromatography for monitoring the breakdown of TAT and TNT and
testing the incubates for the production of the proposed
intermediates and endproducts. This work was a major part of
my thesis and will be presented in the following chapters.CHAPTER 4
MATERIAL AND METHODS
4.1 CHEMICALS
39
14C-labeledTNT(uniformlyringlabeled;specific
activity, 21.58 mCi/mmol) was purchased from Chemsyn Science
Laboratories(Lenexa,Kans.).The nonradioactive TNT was
obtained from Chem Service, Inc.(West Chester, Pa.).
Two monoaminodinitrotoluene congeners (2A46DNT and 4A26DNT)
were purchased from Aldrich Chemical Co.,(Milwaukee, Wis.),
andtwodiaminomononitrotoluenecongeners(24DA6NTand
26DA4NT) were obtained from International Chem..
Triaminotoluene(TAT),anthranilic acid (AA),benzoic acid
(BB), tryptophan (Trp), tyrosine (Tyr), phenylalanine (Phe),
salicylic acid (SA), and pentanoic acid (PA) were purchased
from Aldrich Chemical Co.,(Milwaukee, Wis.). All chemicals
were HPLC (high performance liquid chromatography) grade.40
4.2 GROWTH MEDIA
4.2.1FOR TNT TRANSFORMATION EXPERIMENTS
An enriched growth medium (EM-TNT) was used containing
27.5g/1 trypticase soy broth,5g/1 lactose, 2g/1 potassium
nitrate, and 100 ppm TNT. The ingredients were dissolved in
double distilled water, the pH adjusted to 7.2, and boiled 3
minutes under continious argon flow to eliminate any dissolved
oxygen. The medium was then transfered into serum bottles
(40m1 per 150m1 bottle)and autoclaved.For radiolabeled
studiesanadditional5011114C-TNTwasaddedpriorto
inocculation. A 10 percent inocculum was commonly used. The
incubations were carried out at 38°C on a shaker. This medium
was also prepared without TNT to serve as a control (EM-no
TNT).41
4.2.2FOR TAT TRANSFORMATION EXPERIMENTS
G.8 was incubated in a minimum medium (MM-TAT) containing
2g/1 sodium lactate,1g/1 potassium nitrate 0.2g/1 yeast
extract, 300 ppm TAT, as well as 100m1/1 MM-salts. The MM-salt
solution consisted of 19.5g/1 NaH2PO4xH2O, 51g/1 Na2HPO4, 0.6g/1
MgSO4x2H2O, and 100m1/1 trace metals. The trace metals solution
contained 0.43g/1 Na2EDTA, 0.2g/1 FeSO4x7H2O, 0.17g/1 MnSO4xH2O,
0.03g/1 H3B04, 0.012g/1 CoC12x6H2O, 0.01g/1 ZnSO4x7H2O, 0.003g/1
NaMoO4x2H2O,0.002g/1NiC12x6H20,and0.001g/1CuC12x2H20.
Ingredients were dissolved in double distilled water, the pH
adjusted to 7.2 and the medium then boiled under continuous
argon flow for 3 min to eliminate any oxygen. The medium was
then cooled to room temperature and 35ml anaerobically
dispensedinto150mlserumbottles.Thebottleswere
sterilized, and 1 ml of CaC12(14.2g/1) solution was added
prior to inocculation. The bottles were incubated at 37°C on
a shaker. This medium was also prepared without TAT to serve
as a control (MM-no TAT).42
4.2.3FOR ANTHRANILIC ACID TRANSFORMATION EXPERIMENTS
For the antranilic acid studies the isolate G.8was
incubated in the minimum medium (MM-AA) described under4.2.2,
but instead of TAT,it contained 100ppm anthranilic acidas
the carbon source.This medium was also prepared without
anthranilic acid to serve as a control (MM-no AA).
For radiolabeled studies 50p1 of 14C-AAwere added to each
bottle in addition to the unlabeled anthranilic acid.43
4.3GAS CHROMATOGRAPHY ANALYSIS OF CO2 AND N20
Instrument: Dohrmann Envirotech gas analyzer
with thermo conductivity detector
Column:
Oventemp.:
Injector:
Detector:
Standards:
HayeSep A Polymer
22°C
22°C
22°C
20%, 10%, and 5% standards of CO2
10% and 1% standards of N2O
Sample preparation
Samples of MM-TAT, MM-no TAT, EM-TNT and EM-no TNT were
analyzed for the production ofCO2 and N2O.Samples were
incubated for 7 days (36m1/150 ml bottles). 1m1 of 10M H2SO4
was added prior to gas analysis to convert the in water
dissolved CO2(present as carbonate,HCO3 -)back into its
volatile form. 1 ml of the headspace was injected into the gas
chromatograph.
1 ml samples of CO2 and N20 standards were analyzed to
give a standard curve.44
Sample analysis
The peak height of the CO2 and N20 standards were measured
and standard curves established.Sample peak heights were
identifiedbyretentiontimeandtheirconcentration
determined using the standard curves.45
4.4GAS CHROMATOGRAPHY ANALYSIS OF VOLATILE FATTY ACIDS
Instrument: Perkin-ElmerSigma2000gaschromatograph
with flame ionization detector (FID)
Column: JW Scientific OV351, 30 m long,
0.25p film thickness
Oven temp. 120°Cfor5minutes;ramprate20°Cper
minute up to 240°C, hold 5 minutes.
Injector: 250°C
Detector: 300°C
Split pressure 15 to 17 PSIG
Reagents: Internal standard stock solution
(2.0 mg/ml of tertbutylacetic acid).
External stock solution
acetic acid
propionic acid
isobutyric acid
n-butyric acid
isovaleric acid
valeric acid
4-methylvaleric
heptanoic acid
83.58 mM
54.78 mM
25.09 mM
48.86 mM
22.64 mM
22.21 mM
20.24 mM
18.24 mM
25% (w/w) metaphosphoric acid46
Sample Preparation
Samples of MM-TAT, MM-no TAT, EM-TNT, AND EM-no TNT
were analyzed for the production of VFA's. 0.5 ml of each
sample supernatant were mixed with 0.2 ml of metaphosphoric
acid and0.5mlofinternalstandard.The mixture was
vortexed, centrifuged for 5 minutes at 16.000 x g and the
supernatant analyzed by gas chromatography. Internal standards
were prepared as described above and analyzed as well.
Calculations
Foragiven VFA,the millimolar concentration were
calculated from the peak area, using the following equation:
mM VFA in sample = (peak area of unknown) x (A/B) x (C/D)
where A = mM concentration of VFA in the standard
B = peak area of the VFA in the standard
C = peak area of tert-butyric acid in the standard
D = peak area of tert-butyric in the unknown47
4.5HIGH PERFORMANCE LIQUID CHROMATOGRAPHY ANALYSIS (HPLC)
4.5.1SYSTEMS USED FOR THE ANLALYSIS OF INTERMEDIATES AND
END PRODUCTS IN TNT AND TAT INCUBATES
SYSTEM I
Primarily for separation of early intermediates
(nitro aromatic compounds) in the bioremediation
process of TNT
mobile phaseA
B
10% methanol
5mM H3 PO4
90% methanol
5mM K3 PO4
column Alltech Jordi RP 100A 5u 150mm x 4.6 mm
flowrate lml/min
inj.-vol. 200111
detector UV 215nm
radiomatic
elution with linear gradient, see figure 4.148
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Figure 4.1Linear gradient used with SYSTEM I
SYSTEM II
For detection of fatty acids
mobile phase 100%
0.003%
HPLC grade water
H2 SO4
column ION 300, 30cm
flowrate 0.4m1/min
inj.-vol. 2411
temperature 74°C (circulating H2O bath)
detector UV 215nm Diode Array
elution isocratic49
SYSTEM III
For separation of anthranilic acid degradation products
,
mobile phaseA 100% HPLC grade water
0.01% H3 PO4
B 70% acetonitrile
30% HPLC grade water
0.01% H3 PO4
column Phenomex Ultracarb 5 ODS 120mm x 4.6 mm
flowrate 1m1/min
inj.-vol. 50111
detector UV 215nm and 350nm Diode Array
elution with linear gradient, see figure 4.2
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Figure 4.2Linear gradient used with SYSTEM III50
SYSTEM IV
For collection of intermediates and endproducts
for further masspectroscopy analysis
mobile phaseA 100% HPLC grade water
B 50% acetonitrile
50% HPLC grade water
column Alltech Jordi RP 100A 5p 150mm x 4.6 mm
flowrate lml/min
inj.-vol. 50p1
detector UV 215nm and 350nm Diode Array
elution with linear gradient, see figure 4.3
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Figure 4.3Linear gradient used with SYSTEM IV51
4.5.2HPLC ANALYSIS OF TNT TRANSFORMATION PRODUCTS
Samples were centrifuged for 20 minutes prior to
analysis using SYSTEMS I,II and III. The HPLC Analysis for
SYSTEM I was performed using a Beckman model equipped with
an UV-detector as well as a Radiomatic A140 detector. The
elution from the column was performed with a linear pH
gradient, which started one minute past injection and
reached its maximum (100 % mobile phase B) after 21 minutes,
where it was maintained for 29 minutes. The outflow from the
column went first through the UV detector and from there
into the radiomatic detector. Prior to detection the
effluent was premixed with liquid scintillant (Packard
Flo-Scint V). Data from both detectors were collected with a
Perkin Elmer PE 7500 data system.
HPLC analysis, using SYSTEM II AND III was performed
with a Perkin Elmer System equipped with a Perkin Elmer
multiple wavelenghts Diode Array detector 235. The elution
from the column was isocratic for SYSTEM I. For SYSTEM III a
linear gradient was used, starting 5 minutes past injection
and reaching its maximum (100 percent mobile phase B) after
20 min, where it was held for additional 20 minutes.
The UV-absorbance was monitored at 215nm for the
determination of fatty acids, SYSTEM I, and at 215nm and
350nm for the determination of intermediates, SYSTEM III.
The UV-spectra of the major eluting components were52
collected for future identification.
For analysis by "SYSTEM III" the samples had to be acidified
using H3PO4 (10111 10% H3PO4/1m1 sample) .
4.5.3HPLC ANALYSIS OF TAT TRANSFORMATION PRODUCTS
Samples of in vitro incubations of G.8 were prepared as
described under 3.3.2 and HPLC analysis performed using
SYSTEMS II, III. System IV was used for collection of
intermediates and endproducts for further identification by
mass spectrometry. A linear gradient was used starting 1
minute past injection and reaching its maximum (100% mobile
phase B; see materials and methods) after 21 minutes, where
it was held for additional 10 minutes. The "peak collection"
was performed using a Gilson fraction collector FC 203B.
4.5.4HPLC ANALYSIS OF ANTHRANILIC ACID TRANSFORMATION
PRODUCTS
Samples of in vitro incubations of G.8 in MM-AA were
taken, centrifuged and the supernatant acidified with H3PO4
(10111 of 10% H3PO4 /lml sample) prior to injection into the
HPLC.The analysis was performed with System III, using the
"Perkin Elmer System".53
4.6GC/MS ANLYSIS OF INTERMEDIATES IN THE ANTHRANILIC ACID
DEGRADATION PROCESS
Mass spectrometry analysis was performed using a
Hewlett Packard model 5988A connected to a 5890 gas
chromatograph. The GC column was an XTI-5 fused silica
capillary column. Helium, at a flowrate of 20 ml/min, was
used as a carrier gas. A 1m1 aliquot of a
chloroform/isopropanol/acid extract was injected into the
gas chromatograph (with injection port temperature of
250°C). The column was held at 50°C for three minutes and
was ramped to 210°C at a rate of 20°C/min, held at this
temperature for one minute, and then ramped to 260°C at a
rate of 10°C/min. The mass spectrometer ion source was
turned on four minutes after initiation of the temperature
program. The interface line to the ion source was held at
280°C throughout the run. The mass spectrometer was operated
using an ionizing voltage of 70eV and an ionizing current of
300 mA. The mass spectrometer was calibrated and tuned using
perfluro-tributylamine (FC-43) as the calibration compound
prior to analysis of the samples.54
4.7GC/MS, MS, AND HRMS ANALYSIS OF THE MAJOR INTERMEDIATE
IN THE TAT DEGRADATION PROCESS
The mass spectrometry analysis was performed by Don
Griffin and Brian Abogast (Department of Agric. Chem. and
Environmental Health Science Center, OSU). The GC/MS
analysis was performed using the FINNIGAN AUTOMATED GAS
CHROMATOGRAPH/EI-CI SPECTROMETER SYSTEM. The FAB analysis,
as well as the HRMS were performed using the KRATOS MS5OTC.
For details in the analysis please contact the chemists
named above.55
CHAPTER 5
RESULTS
From the proposed pathway (figure 3.6) the isolatewas
expected to metabolize TNT and TAT to short chain fattyacids
and to further mineralize these acids to CO2 andCH4. Effort
was made to identify these components using gas chromatography
(GC) and high performance liquid chromatography
(HPLC).
5.1DETERMINATION OF HEADSPACE GASES IN TNT AND TAT
INCUBATES BY GAS CHROMATOGRAPHY
The headspace gases from TNT and TAT incubates,EM-TNT
andMM-TAT and the corresponding controls, EM-no TNT and
MM-no TAT, were analyzed after one week of incubation.
The gas chromatography method used,see materials and
methods, allowed the simultaneous determination ofCO2, CH4 and
N20. The method was not capable of determining H2or N2.
CO2 was detected in the enriched media, EM-TNT and
EM-no TNT, as well as in the minimum media, MM-TAT and
MM-no TAT. The amount of CO2 in the TNT and TAT incubateswas
significantly lower than in the corresponding controls.CH4
was not detected in any of the four media.
Significant amounts of N20 were produced only inthe
enriched media, EM-TNT and EM-no TNT;see table 5.1.56
Table 5.1Analysis of head space gases in TNT andTAT
incubates after one week of incubation.
Sample of the total amount gas produced
% CO2 %N20
EM-no TNT 52.8± 14.9 5.53± 3.09
EM-TNT 39.5± 12.5 3.44± 0.13
MM-no TAT 26.6± 2.48 n.d.
MM-TAT 23.6± 2.31 n.d.
n=4
n.d., not detectable
5.2DETERMINATION OF SHORT CHAIN FATTY ACIDS BY HPLC
A special organic acid column (SYSTEM II;see materials
and methods) was used under isocratic conditions.The column
had to be heated to 74°C, while usinga circulating water bath
to achieve satisfactory separation. No significantamounts of
fatty acids were detected in either TATor TNT cultures. TNT
eluted from this column at 135 minutes.
SYSTEM II was ineffective for the determinationof
fatty acids for two reasons. First, theuse of the circulating
water bath caused temperature fluctuations within thecolumn
leading toinconsistentretentiontimes,which madethe57
detectionandidentificationoffattyacidsimpossible.
Second,a short and efficient analysis time couldnot be
obtained with this method because TNT remainedon the column
for more than two hours.
The analysis of fatty acidswas therefore repeated using
gas chromatography.58
5.3DETERMINATION OF SHORT CHAIN FATTY ACIDS BY
GAS CHROMATOGRAPHY
No fatty acids were detected in the minimum media MM-TAT,
or MM-no TAT;figure 5.1. Acetic acid was detected in the
enriched media EM-TNT, and EM-no TNT. However, the amount of
acetic acid in EM-TNT was not significantly higher than in the
corresponding control; figure 5.2.
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Figure 5.2 GC chromatogram of the fatty acid analysis in
EM-TNT and EM-no TNT after one week incubation.
Aswedidnotseeasignificantincreaseinthe
production of CO2 when incubated with TNT or TAT, nor were
fattyacidsfound,wefocused onthedetectionofthe
intermediates proposed in the pathway.60
5.4HPLC ANALYSIS OF INTERMEDIATES PROPOSED INTHE PATHWAY
The analysis was performed usinga linear pH gradient
(SYSTEMI,materialsand methods).The HPLCsystem was
equipped with a radiomatic detector anda single wavelength UV
detector. Tryptophan, tyrosine, phenylalanine,pentanoic acid,
anthranilicacid,andbenzoicacidwerepurchasedas
standards,analyzed byHPLC,andtheirretentiontimes
compared to those of the unknown compounds in theTNT and TAT
incubates;seetable5.2.FortheTNTincubates,the
radiomatic chromatogram was monitored,while for the TAT
incubates, the UV-chromatogram was monitored.
HPLC analysis was performed with the linear pH-gradient
(SYSTEM I, materials and methods).
Table 5.2Retention times of standards and unknowncompounds
Compound Retention time
anthranilic acid 17.00min
pentanoic acid 17.00min
benzoic acid 17.00min
tryptophan 11.00min
tyrosine 3.00min
unknown I in TNT incubates 3.00min
unknown IIin TNT incubates 17.00min
unknown Iin TAT incubates 3.00min
unknown IIin TAT incubates 11.00min
unknown IIIin TAT incubates 17.00min61
The TNT incubates, EM-TNT, showed co-elution of tyrosine
with "unknown I", while anthranilic acid, benzoic acid, and
pentanoic acid co-eluted with "unknown II"; see figure 5.3.
The same results were observed from the TAT incubations,
and furthermore tryptophane co-eluted with "unknown II"; see
figure 5.4.
G.8 in EM-TNT, 5 days
Tyrosine
Anthranilic acid
Benzoic acid
Pentanoic acid
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Figure 5.3. Radiomatic chromatogram of EM-TNT
after 5 days of incubation.G.8 in MM-TAT, 25 days
Anthranilic acid
Tryptophane
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Figure 5.4 UV chromatogram of MM-TAT after 25days of
incubation.
The co-elution of the standards with the majoi components
in the TNT and TAT incubates led to two hypotheses. First, the
match up of these compounds with the"unknowns" made us
confident, that the proposed intermediates were abundant in
the TNT as well as in the TAT incubates. Second, anthranilic,
benzoic, and pentanoic acid co-elute with the most abundant
peak. To support our pathway, we assumed anthranilic acid to
be the predominant component. Anthranilic acid serves as the63
majorintermediateandbranchpointmoleculewithinthe
proposed degradation pathway.
However, the comparison of retention times cannot give
enough information to precisely identify components.
The co-elution showed that the HPLC method used did not
provide satisfactory separation, which is the basis forany
furtheridentificationwork.AlthoughthisHPLCmethod
provided excellent separation the nitro aromatic compounds
TNT, MADNT, and DAMNT,it was not suitable for more polar
compounds like aromatic acids.Two major approaches were
therefore followed to improve separation and to establish the
bioremediation pathway.First approach:a different HPLC
method was developed, capable of separating anthranilic acid
and its possible conversion products benzoic acid, tryptophan,
tyrosine,and phenylalanine(see materials and methods).
Furthermore, instead of a single wavelength UV-detector,a
multiple wavelength Diode Array detector was used,which
allows the determination of unique UV spectra from each peak
of interest. Molecules can therefore be identified not only by
retention time but more specifically by UV spectra comparison.
Second approach: Hypothesizing anthranilic acid to be the
major intermediate in the bioremediation of TNT and TAT,an
ancillary experiment was designed. G.8 was incubated in the
same minimum medium used for the TAT incubates,however,
anthranilic acid replaced TAT as the carbon source (MM-AA, MM-
noAA,see materialand methods).Byassuming TATand64
anthranilic acid to be intermediates in theTNT degradation
pathway, the remediation of these two compounds shouldlead to
the same end product(s) as TNT.
The three media types were analyzed using the"new and
improved" HPLC method discussed in the first approach.
5.5HPLC DETERMINATION OF INTERMEDIATES IN MM-AA, MM-TAT,
AND EM-TNT USING A NEW AND IMPROVED METHOD CAPABLE OF
SEPARATING MORE POLAR CONSTITUENTS.
The HPLC method used an acidic mobile phase (SYSTEMIII,
see materials and methods) and achieved separation through the
use of a linear gradient. The retention times for the tested
intermediates and the major peaks in the incubatesare given
in table 5.3.
Table 5.3Retention times of standards and unknown compounds
Compound Retention time
anthranilic acid 14.40min
benzoic acid 19.92min
tryptophan 15.86min
tyrosine 8.23min
phenylalanine 5.02min
pentanoic acid 18.07min
unknown I in AA incubates 19.92min
unknown IIin AA incubates 21.34min
unknown I in TAT incubates 13.50min
unknown Iin TNT incubates 14.71min
unknown IIin TNT incubates 2.32min65
Figure 5.5 shows the UV spectra obtained from the six
standards.
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Figure 5.5 UV spectra of standards
Figure 5.6 shows that anthranilic acid was converted
into two compounds. "Unknown I" showed the same retention
time and UV-spectra as benzoic acid, while "unknown II" did
not match any of the standards.32700r
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UV chromatograms of standards and MM-AA after
one week of incubation and UV spectra of
"unknowns" in MM-AA.
It can be seen in figures 5.7 and 5.8 that the major
intermediates of the TNT and TAT incubates did not match any
of the standards, neither by comparison of retention time
nor UV spectra.67
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Figure 5.8 UV spectra of the "unknowns"
in EM-TNT and MM-TAT68
The chromotograms showed that after one week of incubation,
all three media, EM-TNT, MM-TAT, and MM-AA, produced different
results.
First, the three media produced a different number of
products. The MM-AA incubates produced two major intermediates,
the MM-TAT incubates produced one major intermediate, while the
EM-TNT incubates produced two intermediates. The results for MM-
AA and EM-TNT were verified through 14C-experiments (data not
shown). The retention times and UV spectra of these five major
intermediates not only differed in the comparison to each other,
but also from the proposed intermediates. Only the anthranilic
acid incubates showed the production of benzoic acid, which was
one of the proposed intermediates.
These results lead to the following hypotheses: First,
different compounds are produced in the remediation of TNT, TAT,
and anthranilic acid, which indicates that different pathways are
used in the remediation process. Or, second, all incubates follow
the same pathway, but are at different stages in the pathway
after one week of incubation. Hypothesis two was proved by
monitoring the incubates in a time course until no further change
in the chromatograms was observed. No change in the chromatograms
could be observed after one week of incubation. The components
produced must therefore be considered as "end products".
Hypothesis two was therefore proven wrong, leaving hypothesis
one.69
In order to establish the individual pathways for the
remediation of TNT, TAT, and anthranilic acid, the remaining
unknown peaks required identification by mass spectrometry.70
5.6MASS SPECTROMETRY ANALYSIS OF UNKNOWNS IN THE TNT,
TAT, AND ANTHRANILIC ACID INCUBATES.
5.6.1MASS SPECTROMETRY ANALYSIS OF THE UNKNOWN IN THE
ANTHRANILIC ACID INCUBATES
Foridentificationofthesecondunknownandfor
verificationofthefirstunknownasbenzoicacid,a
chloroform/isopropanol/acid extract of the supernatant was
analyzed by gas chromatography/mass spectrometry. Figure 5.9
shows the mass spectra of both unknowns. The internal library
research identified the unknowns as benzoic acid and salicylic
acid.
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Figure 5.9 Mass spectra of the "unknowns"71
Salicylate was purchased as a standard and the retention
time and the UV-spectra determined. It could be verified that
the primary products of the anthranilic acid breakdown were
benzoic acid and salicylic acid; see figure 5.10.
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Figure 5.10UV chromatogram of standards and MM-AA and
UV spectra of unknown II and salicylic acid72
5.6.2MASS SPECTROMETRY ANALYSIS OF THE UNKNOWN COMPOUND
IN THE TAT INCUBATES.
A chloroform/isopropanol/acid extract of the supernatant
was analyzed by GC/MS. No result could be observed. Several
other extraction methods were tried, however, the compound of
interest could not be extracted from the supernatant.
The peak therefore needed to be collected directly from the
HPLC.The HPLC system, previously used, was not suitable for
this approach. It used an acidic mobile phase, which can lead
to salt formation with a variety of compounds. The salts
interfere with mass spectrometry analysis. Therefore, a new
HPLC method had to be designed.
DEVELOPMENT OF HPLC METHOD FOR PEAK COLLECTION
A HPLC method was developed which achieved separation by
using a linear water/acetonitrile gradient (SYSTEM IV;see
materials and methods). A good separation of the intermediate
of interest was achieved and the peak was collected several
times.73
MASS SPECTROMETRY ANALYSIS OF COLLECTED PEAK
First, effort was made to identify the collected peak
fraction by gas chromatography/mass spectrometry. For this,
the sample was introduced to the gas chromatograph, separated
into its different components and ionized using electron
ionization (EI). No molecular ion could be observed and the
fragmentation pattern did not match any of the fragmentation
pattern listed in the instruments internal library (data not
shown).Chemical ionization(CI)was therefore performed,
which is less destructive to the sample and should givea
molecular ion peak. The molecular ion of the dominant peak in
the GC chromatogram was determined to be 122; see figures 5.11
and 5.12.
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Figure 5.11 GC chromatogramof "collected peak"74
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Figure 5.12 Fragmentation pattern of "collected peak"
Because chemical ionization leads to an M+1 ion,the
actual mass of the molecule is 121. From the proposed pathway
(figure 3.6), it was assumed that TAT would be converted to
triaminobenzoic acid, which would then be deaminated twice to
yieldanthranilicacid.Althoughwecouldnotobserve
anthranilic acid as the major intermediate from the UV data
and retention time on the HPLC,westill believed that
deamination had occurred. The deamination of one amino group
would lead to a mass of 122, not 121 as detected in the mass
spectrometry analysis. It was speculated, that the amino group
was taken off, but the ring was not protonated back, which was
unusual but not necessarily impossible. High resolution mass
spectrometry would prove this hypothesis, as the assignment of75
the absolute mass would allow only one molecular formula to
fit the determined mass. The high resolution mass spectrometry
analysis gave a molecular weight of 166.0849 and 166.0857 for
CI and EI respectively; see figures 5.13 and 5.14.
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Figure 5.14 HR-MS of collected peak, EI mode
The mass 166 could be verified by solid probemass
spectrometry in EI mode, as well as in positive FAB (M+1 ion).
The mass of 166 could not be verified using neg FAB, which
should give an M-1 ion. The structure for the unknownwas
assigned as shown in figure 5.15.
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Figure 5.15 "Best fit" for absolute mass77
5.6.3MASS SPECTROMETRY ANALYSIS OF TNT INCUBATES
No extractions were performed from the TNT incubates, EM-
TNT, for the following reason: the enriched medium contains
many components that will partition with the components of
interest.To distinguish between "normal" media components
and compounds that resulted from the degradation of TNT,
analysis of radioactive material would be required. The campus
mass spectrometry facility is
radioactive material.
Furthermore, peak collection was not feasible due to the
large number of extraneous compounds. Many of these elute very
close to or with the compounds of interest and would be
collected together.The collected fractions would require
further sample clean up, using other separation and extraction
methods.This process can be very time consuming and tedious,
and requires a good understanding of analytical chemistry. To
make the TNT incubates suitable for mass spectrometry analysis
the incubation was performed, using the minimum media, MM,
used for the TAT and anthranilic acid incubates. It can be
seen in figure 5.15 and 5.16 that the degradation process was
significantly slower in this medium and yielded different
degradation products. Effort is currently underway to improve
the media in the way thatit shows the same remediation
products as they were seen when incubated in the enriched
medium.
not set up forthe analysisof78
Mass spectrometry analysis could therefore not be perfomed to
date.
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Figure 5.17Time cource of MM-TNT (14C-experiment)79
CHAPTER 6
DISCUSSION
Theisolatewasfirsttestedforitsabilityto
mineralize TNT and TAT intoCO2 and/orCH4.CH4wasnot
detected,whichshowsthattheisolateG.8isnota
methanogenic bacteria.CO2wasdetectedintheenriched
medium, as well as in the minimum medium, but toa significant
smaller amount than in the corresponding controls (p>0.5,
t-test). The reason why the amount of CO2was lower, when
incubated with TNT or TAT, can be explained by the fact,that
TNT and TAT inhibit the growth of the cultureas it can be
seen in figure 6.1 and 6.2.
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Figure 6.2Growth curve of G.8 in MM-TAT
It has to be proved though that the produced CO2 resulted
from the complete mineralization of TNT and TAT, and not from
the mineralization other carbon sources provided in the media.
The experiment has to be repeated by incubating the isolate
with 'AC-TNT and trapping the produced CO2 in a scintillation
cocktailfordetectionofradiolabeledCO2byliquid
scintillationcounting.BecauseTATisnotcommercially
available as a radioactive compound, the CO2 production could
only be evaluated stoichiometrically.
Surprisingly, the enriched medium produced significant
amounts of nitrous oxide(N20)as a result of incomplete81
denitrification. N20 could not be detected in the minimum
media.
These results suggest that the denitrification process is
different in the enriched and in the minimum media. In the
enriched medium, dissimilative nitrate reduction occurred.
NitratewasherebyconvertedintoN2gasthroughthe
intermediatesNO2,_ NOandN20.Intheminimummedia,
assimilatory nitrate reduction occurred. Nitrate was converted
into ammonia which was used as a nitrogen source for growth.
The accumulation of nitrous oxide in the enriched medium can
be due to two facts: First, the microbes lack the nitrous
oxide reductase or second, the enzyme was inhibited or not
expressed when the microbes were grown in the enriched medium.
Only a few microorganisms are known to accumulate nitrous
oxidetoadetectableamount,forexamplepseudomonas
(Knowles, 1982). The information about the metabolism of the
microbe is not directly important for the determination of the
degradation pathway of TNT and TAT, but should be kept in mind
for identification and characterization of the microbe.
No fatty acids could be detected in the TAT incubations.
The TNT incubates showed production of acetic acid, but no
statistically significant difference could be observed between
the incubates and the control (t-test, n.s.).It has to be
proved, if the acetic acid is radioacitve.
None of the proposed intermediates, anthranilic acid,
benzoicacid,tryptophan,tyrosine,phenylalanineand82
pentanoicacid could bedetectedineitherTNTorTAT
incubates. Although these standards initially appeared to
match the unknowns in the TNT and TAT, and anthranilic acid
was proposed as the major intermediate, this was disproved
with an improved HPLC technique.
Using mass spectrometry analysis the pathways for the
conversion of anthranilic acid and TAT could be established.
Anthranilic acid was shown to be converted into benzoic acid
and salicylic acid. Both compounds are easily degradable under
aerobic as well as anaerobic conditions as shown in figures
6.3 and 6.4.
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Figure 6.4 Degradation of benzoic acid under
anaerobic conditions. Adapted from Evans, 1988
Producing these compounds,G.8 showed the ability to
carry outthe hydroxylation and deamination ofan amino
aromatic compound. Hydroxylations were believed for a long
time to occur only under aerobic conditions, because this
reactionisdomain ofthe monooxygenases.The reductive
deamination is a novel reaction type which has to date only
been described for the degradation of aniline (Schnell and
Schink, 1989).
The mass spectrometry analysis of the major intermediate
in the TAT incubates showed the conversion of TAT into
triaminobenzamide. This reaction was unexpected. First, the
methyl group was oxidized toacarboxyl group and then
amination occurred leading to an amide in position one.84
Until recently there were no microorganisms in p u r e
cultureknownwhichcananaerobicallyoxidizearomatic
compounds. LovleyandLonergan (1990)described a
dissimilatory iron reducer capable of oxidizing toluene and
phenol under anaerobic conditions. The addition of a fourth
aminogrouptoTATwasunexpectedandremainstobe
interpreted. This process is energy requiring and makes the
already reactive TAT even more reactive. In the metabolism of
procaryotes and eucaryotes the addition of an amino group to
a carboxyl group is carried out be glutamine synthetase, which
transfers ammonium onto glutamic acid. This reaction is the
major route for the detoxification of ammonia. The question
arises, if the observed reaction was catalyzed by a similar
mechanism and if the reaction could be eliminated in a non
denitrifying growth. It is evident, that the degradation of
foreign compounds can only be performed using enzymes that are
already abundant in the microbes. One could prove for the
involvement of this enzyme or enzyme type by incubating the
cultures with TAT with an addition of MSX (L-methionine-DL-
sulphoximine), which is known to be an inhibitor of glutamine
synthetase. No addition of an amino group to an aromatic
molecule has been describedintheliterature with the
exemption of Jaffe (1878), who described the conjugation of
glycinetonitrotolueneinmammalmetabolismas a
detoxification process. One could ask the question, if similar
reactions can occur in microorganisms that are not capable of85
using the compound either as a carbon or nitrogen source and
thus have to eliminate it. A literature research on this
subject could maybe provide an answer to this question. The
idea of a conjugation reaction can also be supported by the
fact that the compound behaved rather unusual in the mass
spectrometry analysis.The questionifthe compound was
initially larger and fragmented during the analysis arose
earlier and verification of the assigned structure by NMR was
suggested.
Mass spectrometry analysisofthe TNT has not been
performed to date. Analysis of the enriched medium was shown
to be extremely difficult. When incubated in a minimum media
the observed pathway was different. However, we do not yet
know which of these pathways will be the "more successful one"
forthe bioremediationofTNT.Itisevidentthatthe
incubation media has a great influence on the degradation of
TNT(andprobablyeveryotheraromaticcompound).The
expression of different enzymes in these media has to be
expected.Forexample,high amountsofamino acidsare
provided in the enriched medium and no de novo synthesis would
have to occur. The microbes will express catabolic enzymes
making the peptides available. In the minimum media no amino
acids are provided and the microbes will have to express
anabolic enzymes involved in the de novo synthesis of amino
acids.In critically reviewing the proposed pathway,the
question arises if remediation of TNT into aromatic amino86
acids would even occur in an enriched medium, while one might
would expect it in the minimum medium.
From theresultsobtained,itisevidentthatthe
evaluation and optimization of the used incubation media will
have to be of large importance in future experiments.
In summary, G.8 was not able to remediate TAT under the
current incubation conditions.It has to be proved,if a
different "end product" could be observed under for example
non denitrifying conditions. It should further be proved for
theinvolvementofaglutamine synthetaselike reaction
mechanism by inhibiting this enzyme with MSX.
The pathway for the degradation of TNT remains to be
established. Different pathways were observed depending on the
media used, which shows that different enzymes were involved
in the remediation process.
G.8convertedanthranilicacidtobenzoateand
salicylate.Themicrobesshowedherebytheabilityof
hydroxylation and deamination of an amino aromatic compound
under anaerobic conditions.87
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Isolation protocol for G.8
The entire procedure has to be carried out under strictly
anaerobic conditions in a glove box.
1.Collect rumen fluids from a fistulated goat 4 hours
past feeding time (not later). First, stir rumen
contentsinside of the stomach using a spoon to
achieve a homogeneous sample. Then take out the
contents and fill a plastic container up to the top.
Screw tightly to prevent exposure to oxygen. Bring
sample immediately back to the laboratory and start the
experiment.
2.Blend lOg of the fluid with 90% McDougall's buffer
3.Centrifuge the mixture for 5 min. at 16000 x g
4.Transfer supernatant into GPT100, using 10% as an
inocculum size
5.Add 100ppm TNT
6.Incubate stagnant at 38°C
7.After 4 days transfer a 10% inocculum into fresh GPT100
8.After 12 days, transfer a 10% inocculum into DTAT
9.Transfer into fresh DTAT several times
10.Transfer a 10% inocculum into D3YN
11.Tranfer the culture 10 times in D3YN
12.Dilute culture to 10-6 and spread to D3YN agar plates
13.Transfer culture also to defined medium with TAT as the
the sole carbon source (DM)
14.After one day of incubation choose a single culture and
incubate in fresh D3YN broth for 3 days
15.Restreak culture to DPT agar
16.Large red colonies, eventually developing into
microcolonies, should be visible after a few days
17.The isolate obtained should be G.892
"GPT100-medium"
Materials per 1000 ml
yeast extract 1.0 g
tryptone 5.0 g
glucose 1.5 g
maltose 1.5 g
cellobiose 1.5 g
clarified WRF 100 ml
mineral I 40 ml
mineral II 40 ml
major VFA's 11.4 ml
minor VFA's 11.4 ml
trace metals 11.4 ml
hemin solution 1.1 ml (1g/1000ml 0.05M NaOH)
resazurin solution 1.1 ml (0.7A solution)
TAT (in DMSO) 100 ppm
pH 7.0"DTAT-medium"
Material per 1000m1
sodium formate 5.0 g
clarified WRF 100 ml
mineral I 40 ml
mineral II 40 ml
trace metals 10 ml
hemin solution 1.0 ml
resazurin solution 1.0 ml
pH 7.0
(1g/1000 ml 0.05M NaOH)
(0.1 % solution)
93
Procedure
1. boil under CO, for 1 minute
2. Autoclave for 20 min
3. in glovebox add
8% NaCO3 50 ml
cysteine solution 10 ml (10g/1000m1)
sulfide solution 10 ml (10g/1000m1 water pH 10)
TAT in DMSO 100 ppm94
"D3YN-medium"
Material per 1000m1
sodium formate 5.0 g
yeast extract 1.0 g
clarified WRF 100 ml
KNO3 2.0 g
mineral I 40 ml
mineral II 40 ml
trace metals 10 ml
hemin solution 1.0 ml
resazurin solution 1.0 ml
pH 7.0
(1g/1000 ml 0.05 NaOH)
(0.1 % solution)
Procedure
1. boil under CO2 for 1 minute
2. Autoclave for 20 min
3. in glovebox add
8% NaCO3 50 ml
cysteine solution 10 ml (10g/1000m1)
sulfide solution 10 ml (10g/1000m1 water pHlO)
TAT in DMSO 100 ppm95
"DM-medium"
Material per 1000
0.04 g
0.20 g
1.80 g
1.30 g
0.02 g
0.03 g
5.7 mg
2.7 mg
2.5 mg
2.1 mg
0.44 g
4.00 g
1.0 mg
1.0 ml
ml
(1g/1000ml0.05Na0H)
(NH4)2PO4
NH4C1
MgC12 x 6H20
KCl
MnCL2 x 4H20
CoCL2 x 6H20
H3B03
CaC12 x 2H20
Na2MoO4 x 2H20
ZnC12
FeSO4 x 71120
NaHCO3
resazurin
hemin solution"DTP-agar"
Material per 1000 ml
sodium formate 5.0 g
yeast extract 1.0 g
KNO3 2.0 g
clarified WRF 100 ml
mineral I 40 ml (6g/1000 ml K2HPO4)
mineral II 40 ml
trace metals 10 ml
hemin solution 1 ml (1g/1000 ml 0.05 NaOH)
resazurin solution 1 ml (0.1 9.5solution)
Bacto-agar 20.0 g
pH 7.0
Procedure
1. boil under CO2 for 1 minute
2. autoclave for 20 min
3. cool in waterbath to 50°C
4. in glovebox, add
TAT in DMSO 100 ppm
Na2CO3
sulfide solution
5. mix well
6. pour plates
2.0 g
100 ml
9697
"McDougall's buffer"
Material per 100o ml
NaHCO3 9.80 g
KC1 0.57 g
Na2HPO4 9.30 g
NaC1 0.47 g
MgC12 x 7H20 0.10 g
CaC12 x 2H20 0.04 g
(NH4) 2SO4 2.64 g
resazurin solution 1.00 ml98
"Trace metals solution"
Mineral per 1000 ml
Na2EDTA 0.430 g
FeSO4 x 7H20 0.200 g
MnSO4 x H2O 0.170 g
H3E03 0.030 g
CoC12 x 6H20 0.012 g
ZnSO4 x 7H20 0.010 g
NaMoO4 x 2H20 0.003 g
NiC12 x 561120 0.002 g
CuC12 x 2H20 0.001 g99
"Mineral I solution"
K2HPO4 3g/1000ml
"Mineral II solution"
Mineral per 1000 ml
NaC1 12.0g
KH2HPO4 6.0g
(NH4) 2504 6.0g
MgSO4 x 7H20 0.75 g
CaC12 x 2H20 0.50 g100
"Clarified Whole Rumen Fluid " from sheep or goat
1. at least 4 hours after the animal has eaten, obtain an
appropriate amount of rumen fluid from a rumen-
cannulated animal.
2. Strain the rumen contents through a cheesecloth to
remove large particles
3. Centrifuge for 30 minutes at 10.000 rpm at 4°C
4. store in freezer101
Growth Media for TNT transformation using Whole Rumen Fluid
TNT biotransformation in vitro was carried out byincubating
the rumen contents in a modified McDougall'sBuffer.The
buffercontained 1.47g/1 NaHCO3, 1.395g/1 Na2HPO4, 0.0855g/1
KCL, 0.0705 g/1 NaC1, 0.015g/1 MgC1x7H20,0.006g/1 CaC12x2H2O,
0.396g/1 (NH4)2SO4, and 0.15 m1/1 0.1A Resazurin solution. The
buffer was prepared by dissolving the ingredientsin double
distilled water and boiling it for 3 minutes under aN2/CO2
mixture to eliminate any dissolved oxygen.
Rumen contents were collected fromfistulated sheeps and goats
(AnimalIsolationLaboratory,OregonStateUniversity,
Corvallis OR).Each ofthese contents was anaerobically
blendedforoneminute with90percentofamodified
McDougall's buffer using a mechanical blender.The contents
was anaerobicallytransfered under continuous Argon flow into
serum bottles(40 ml into 150m1 bottle). TNT dissolved in
Isopropanol was added to a final concentration of 100ppm, as
well as glucose and yeast extractfinal concentrations of
7.5g/1 and 0.15g/1 respectively. For radiolabeledstudies 50u1
14C-TNT were added in addition to the 100ppmunlabeled TNT. The
bottles were incubated at 37°C on ashaker.102
Gaschromatography/Maaspectrometryofwholerumenfluid
chloroform extracts
Sample preparation
3 ml of a whole rumen fluid incubate were extracted with 3 ml
chloroform.
Analysis
Mass spectrometry analysis was performed using a Hewlet
Packard model 5988A connected to a 5890 gas chromatograph. The
GC column was an XTI-5 fused silica capillary column. Helium,
at a flowrate of 20 ml/min, was used as a carrier gas.
A 3 ml aliquot of a chloroform extract was injected into the
gas chromatograph (with injection port temperature of 250°C).
The column was held at 45°C for two minutes and was ramped to
120°C at a rate of 10°C/min, held at this temperature for one
minute, and then ramped to 260°C at a rate of 20°C/min. The
mass spectrometer ion source was turned on four minutes after
initiation of the temperature program. The interface line to
the ion source was held at 280°C throughout the run. The
masspectrometer was operated using an ionizing voltage of 70eV
and an ionizing current of 300 mA. The mass spectrometer was
calibrated and tuned using perfluro-tributylamine (FC-43) as
the calibration compound prior to analysis of the samples.